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Abstract:  
Glycine is the simplest proteinaceous amino acid and is present in all life forms on Earth. In 
aqueous solutions, it appears mainly as zwitterion glycine (+NH3CH2COO-); however, in solid phase, it 
may be found in amorphous or the crystalline (, , and ) forms. The crystalline forms differ from 
each other by the packing of zwitterions in the unitary cells and by the number of intermolecular 
hydrogen bonds. This molecular species has been extensively detected in carbonaceous meteorites and 
was recently observed in the cometary samples returned to Earth by NASA's Stardust spacecraft. In 
space, glycine is exposed to several radiation fields at different temperatures. We present an 
experimental study on the destruction of zwitterionic glycine crystals at room temperature by 1 MeV 
protons, in which the dependence of the destruction rates of the -glycine and -glycine crystals on 
bombardment fluence is investigated. The samples were analyzed in-situ by Fourier transformed 
infrared spectrometry at different proton fluences. The experiments occurred under an ultra-high 
vacuum conditions at the Van de Graaff accelerator's Lab at PUC-Rio, Brazil. 
For low fluences, the dissociation cross section of -glycine was observed to be 2.5 ×10-14 cm2, 
a value roughly 5 times higher than the dissociation cross section found for -glycine.  The estimated 
half-lives of -glycine and -glycine zwitterionic forms extrapolated to Earth orbit environment, are 
9×105 and 4×106 years, respectively. In diffuse interstellar medium the estimated values are one order 
of magnitude lower. These results suggest that pristine interstellar -glycine is the one most likely to 
survive the hostile environments of space radiation. A small feature around 1650-1700 cm-1, 
tentatively attributed to amide functional group, was observed in the IR spectra of irradiated samples 
suggesting that cosmic rays may induce peptide bond synthesis in glycine crystals. Combining this 
finding with the fact that this form has the highest solubility among the other glycine polymorphs, we 
suggest that -glycine is the one most likely to produce the first peptides on the primitive Earth.  
 
 Keywords: Astrobiology, Laboratory Investigation, Prebiotic Chemistry, Radiation Resistance, 
Interstellar Molecules  
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1. Introduction 
 The delivery of organic matter to the primitive Earth via comets and meteorites has long been 
hypothesized to be an important source for prebiotic compounds such as amino acids, nucleobases or 
precursors species that contributed to the development of prebiotic chemistry, which may led to the 
emergence of life on Earth (e.g. Oró, 1961; Chyba and Sagan, 1992; Aiello et al., 2005). Significant 
evidence exists for an extraterrestrial origin, because observations have shown the presence of many 
organic molecules in interstellar medium (ISM), comets, and meteorites (e.g. Stoks and Schwartz, 
1981; Cronin, 1998; Charnley et al. 2002; Glavin and Dworkin, 2009).  More than 70 amino acids 
(including glycine) have been identified in meteorites, as in the Murchison meteorite (Cronin and 
Pizzarello, 1983; Glavin and Dworkin 2009; Glavin et al. 2011). Elsila et al. (2009), analyzed the 
cometary samples returned to Earth by NASA’s Stardust spacecraft and found glycine amino acid 
among several other amine species. 
 In spite of the recurrent detection of amino acids in carbonaceous chondrites and in one comet, 
the observation of these molecules in the ISM has been a difficult task which have involved several 
unsuccessful attempts. For example, Kuan et al. (2003) searched for glycine (NH2CH2COOH), through 
hot molecular cores associated with the star-forming regions Sgr B2(N-LMH), Orion KL, and W51 
e1/e2 and derived some upper limits for molecular abundances but these identifications have not yet 
been confirmed (Snyder et al. 2005; Cunningham et al. 2007). However, theoretical studies and 
laboratory experiments have shown that glycine is among the organic molecules that can be produced 
in space (e.g. Bernstein et al. 2002; Munoz-Caro et al. 2002; Nuevo et al. 2008; Nuevo et al. 2009; 
Pilling et al. 2010a, b; Nuevo et al. 2012). 
 Glycine is the simplest proteinaceous amino acid, the building blocks of proteins, and is an 
essential component of all living systems. In gas phase, glycine is observed in three conformers (I, II 
and III). Conformer I is the most abundant (~70-80%) and conformer II the most thermodynamically 
favorable (Ivanov et al. 1999). A conformer is an isomer of a molecule that differs from another 
isomer by the rotation of a single bond in the molecule.  
 In aqueous solution, glycine is found mostly as zwitterionic glycine (+NH3CH2COO-), although 
some glycine zwitterion clusters could also be present depending on their concentration. In the solid 
phase, glycine is crystallized with different structures (polymorphs): -, -, and -glycine forms. 
Figure 1 shows the most common glycine structures in different media (adapted from Ivanov et al. 
1999; Fábián and Kálmán 2004; and Boldyreva 2008). 
 As discussed by Liu et al. (2008), the configuration of states of glycine zwitterions in these 
polymorphs differs from one another only by the angle between C-N and the least-square plane (a twist 
around the C-C bond). According to these authors, these forms are the consequences of intricate 
packing of molecules in the crystal lattice and the competition of several kinds of interactions: i) van 
der Waals, ii) electrostatic and iii) framework hydrogen bonding. In addition, the network of hydrogen 
bonding may plays an essential role in the organization of the crystal structure of glycine. The most 
favorable of these three polymorphs from the thermodynamic point of view is -glycine (more 
hydrogen bonds between circumjacent zwitterions). Due to this strong intermolecular coupling, this 
species also has the highest density among the other polymorphs. However, as discussed by Bouchard 
et al. (2007), the solubility of β-glycine was significantly higher up to 17 % of the value attributed to 
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α-glycine. Iitaka (1960) pointed out that the amount of glycine zwitterions in each crystal cell differs 
among the polymorphs, with 4 molecules in the -form, 2 in the β-form, and 3 in the -form.  
   
   
                
 
Figure 1 - The most common glycine structures in different media (adapted from Ivanov et al. 
1999; Fábián and Kálmán 2004; and Boldyreva 2008). The a, b, and c labels in the structure of 
the zwitterionic crystal indicate the axis of the unitary crystal cell. 
 
 The formation of amorphous glycine was discussed by Maté et al. (2011). They observed that 
when gaseous glycine (neutral) adsorbs in non-polar frozen surfaces at 25 K (e.g. CO2 and CH4-rich 
ices) all glycine is in neutral forming dimers (see Fig. 1). For frozen polar surfaces at 25 K (e.g H2O 
rich ices), at least 50% of glycine is in neutral form. However, if the sample is heated to temperatures 
around 100 K, most of glycine molecules become zwitterionic. Following theses authors, virtually all 
glycine molecules are in the zwitterionic form at temperatures higher than 150 K. Lovas et al. (1995 
and references therein) have pointed out that although glycine conformer II has the most intense lines 
in the theoretical radio spectra in respect to the other conformers, the most probable species in diffuse 
interstellar medium (DISM) should be glycine conformer I, due to its lowest energy among the 
conformers. Hypothetically speaking, if such species in the interstellar gas adsorb on warm (> 150 K) 
silicate/carbon interstellar grains, they would have enough energy to become glycine conformer II on 
the surfaces. Following Ivanov et al. (1999), such adsorbed conformers would be stabilized in the form 
            
 
 4
of -glycine zwitterionic crystal. However, if neutral glycine conformer I molecules adsorb on very 
cold interstellar grains (~ 20 K), for example inside molecular clouds, they would stabilize on the 
surface as glycine I dimers (amorphous). The authors also discussed that if cold grains are exposed to 
temperatures higher than 120-150 K, due to either by UV or soft-X ray heating promoted by a nearby 
young star in photodissociation regions or by a shock front of a nearby supernovae, the glycine dimers 
will be destroyed, which  leads to the formation of -glycine crystal. In protostellar or planetary 
system environment, -glycine crystals may undergo phase transition by contact with liquid aqueous 
environment to become -glycine crystals (see Glavin and Dworkin 2009; Glavin et al. 2011). This 
may happen, for example, inside a comet at local melting places induced by radioactive element 
heating. In addition, such -glycine  -glycine transformation may also occur in the subsurface 
aqueous environment of frozen icy moon/planetesimal (parent body) or in a moon/planet with liquid 
environments on the surface when the solvent evaporates. Such space environments, as well as the 
grains in ISM are permanently exposed to ionizing agents (photons, fast electrons and ions), which 
induce chemical reactions. The study of these chemical transformations is crucial to understand which 
molecules are the most likely to survive the extended voyage from ISM to a planet inside a habitable 
zone and participate (or trigger) the early steps towards the formation of life.  
 Radio observations suggest that the abundance of glycine in space (gas phase) must be very 
low (only upper limits were obtained). However, if we consider that small amount of glycine is present 
in ISM and that a small amount is continuously being produced from gas phase and deposited onto 
grains or produced directly on grain surfaces (e.g. Woon 2002; Zhu and Ho 2004; Pilling et al. 2011b), 
its abundance on grains will increase with time during the evolution of an interstellar or protostellar 
cloud. Moreover, if such grains were exposed to high temperatures, for example around 200 K, all the 
volatiles will desorb including water, leaving non-volatiles  molecules such as glycine in the solid 
phase. Experimentally, glycine desorbs only at temperatures around 350-400 K under ultra-high 
vacuum conditions (e.g. Pilling et al. 2011a). If these grains undergo several heating and freezing 
cycles, such as the ones expected to occur around star-forming regions, the average number density of 
glycine (or other nonvolatile species) on grain surfaces will increase even more with time. When the 
number density reaches a certain value, the production of localized crystalline structures, such as -
glycine or -glycine, cloud occur. Glycine crystals have about 20 molecules per cubic nanometer 
(Iitaka 1960).  
  The main goal of this study is to investigate the stability of different glycine polymorphs ( 
and ) irradiated by 1 MeV protons in simulated space conditions. Such glycine polymorph crystals are 
predicted to exist in icy space environments in which the temperature is higher than 100-120 K (for -
glycine) or in ices that undergo aqueous alteration (for -glycine). The precise amount of interstellar 
glycine in gas phase is still unknown, and whether glycine is abundant enough to become crystal in 
space environments is still an open question. Future observations and sample extraction from comets or 
asteroids will help to clarify this issue. Therefore, until concrete evidence is found that glycine (free 
gas-phase molecule or crystals) is not present in space, investigation of the interaction of such 
important prebiotic species with space radiation analogs cannot be ruled out. Section 2 presents the 
experimental methodology employed. The obtained dissociation cross sections are presented in Section 
3, followed by a discussion on astrophysical implications in Section 4. The conclusion and final 
remarks are in Section 5.  
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2 Experimental Setup 
The Van de Graaff accelerator of the Pontifical Catholic University at Rio de Janeiro (PUC-Rio) 
was employed to provide 1 MeV H+ beam. The projectiles traversed the sample, producing effects 
similar to those produced by energetic protons from solar wind and galactic cosmic rays. The choice of 
the energy of the beam was purely experimental. The energy distribution of protons in cosmic rays 
(Drury et al. 1999; Shen et al. 2004) or in the solar wind is very wide (e.g. Lin et al. 1974; Drury et al. 
1999). Moore et al. (2001) pointed out that for solar wind, MeV protons dominate. For cosmic rays, the 
maximum occurs at hundreds of MeV. However, this energy range is very difficult to obtain in 
laboratory while in the energy range of few MeV is easy. Note that interactions involving 1 MeV 
protons and the very energetic ones, such as the 200 MeV protons, are of the same type, both occur 
with the electrons of the target (electronic stopping power regime). This imply that absolute numbers 
can change but the physical phenomena involved is the same. 
  The experiments were performed inside an ultra-high vacuum chamber (pressure around 1×10-
8 mbar) at room temperature (~ 300 K). In space, molecules undergo a very wide range of temperatures 
from 10 K to 10000 K (being fully dissociated). Our experiments simulate the temperature range in 
which water molecules are not present in solid phase but several refractory species (including glycine) 
are still present. Such a scenario occurs at the interface between molecular clouds and DISM, 
photodissociation regions, protoplanetary grains, and some surfaces of solar system bodies. Gerakines 
et al. (2012) recently investigated the effects of temperature on the dissociation of solid glycine by 
energetic protons. A comparison between our data and the data obtained at low temperature will be 
further discussed. 
 
 
 
Figure 2 - Schematic illustration of the experimental setup mounted at PUC-Rio Van de 
Graaff accelerator. The inset figure shows details of the sample holder (A: sample + substrate; B: 
clean substrate; C: Cu foil). 
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The samples were analyzed in-situ by Fourier transformed infrared (FTIR) spectrometry at 
different proton fluences. Figure 2 presents a schematic illustration of the employed experimental 
setup. The inset figure shows details of the sample holder (A: sample + substrate; B: clean substrate; C: 
Cu foil). The carbon foil and the liquid N2 capillary trap guaranteed the cleanness inside the 
experimental chamber. The carbon foil contributed to the bombardment homogeneity because the 
straggling of the proton beam increases the beam spot area. A quadrupole magnet along the beam line 
allowed a fine tuning of the beam optics.  
A beam fluence calibration was performed before the sample irradiation. A copper foil 
connected to a microamperimeter was placed at the sample position C, around which a conducting 
circular collimator (~ 6 mm of inner diameter) is connected to a second microamperimeter (see inset 
Fig. 2). With the ion beam on, the ratio of both currents was measured. The sample holder was moved 
down, bringing the non-conducting sample (at position B) to the previous position of the copper foil. 
The beam flux (number of projectiles per square centimeter and second) on the target was then 
determined by multiplying the collected charge in the collimator by the ratio obtained previously. This 
ratio was checked periodically, before, during and after irradiation. A grounded aluminum mask with 3 
holes of 5 mm diameter was placed just before the sample, to guarantee that all area probed by the 
FTIR was processed by the incoming ionizing radiation. A thin film of KBr was placed over the 
aluminum mask to allow good alignment of the target, the ionizing beam and the IR beam. In order to 
get a better charge measurement, a potential of +70 V was applied on the target holder and on the 
collimator to avoid secondary electrons from escaping. The sputtering of electrons from the target 
overvalues the current measurement. The estimated proton flux was around 2-3×1010 ions cm-2 s-1.  
 The sample holder can be moved vertically for 3 positions (sample, a clean substrate, and Cu 
foil) and can be rotated allowing the irradiation (0o) and the FTIR analysis (90o) modes. A JASCO 
4200 FTIR spectrometer was used to analyze the sample in the 3500-550 cm-1 (2.8-18.2 μm) region 
with a spectral resolution of 1 cm-1. Infrared (IR) spectra of clean substrates were acquired before each 
experiment for background correction purposes. 
 The production of glycine polymorphs in laboratory can be obtained in several ways. Briefly, 
-glycine crystals can be produced, for example, by evaporation of aqueous glycine solution at room 
temperature, and -glycine can be obtained from deposition of gas-phase glycine molecules (e.g. 
glycine conformer I) on warm substrates (> 150 K) inside vacuum.  The -glycine form is also called 
the metastable form of glycine, because it transforms spontaneously into -glycine when the sample is 
exposed to moisture or grinding (Liu et al. 2008). The -glycine can be produced from evaporation of 
NH3 rich aqueous solution containing glycine (Boldyreva 2008). Finally, in particular situations, 
glycine may also be found as amorphous solid. As pointed out by Ivanov et al. (1999), neutral glycine 
dimers can be produced by adsorption of glycine molecules from the gas phase (mainly glycine 
conformer I) on very cold (~ 20 K) surfaces under low pressure conditions. The formation of 
zwitterionic glycine in neutral glycine samples or glycine /water samples was studied theoretically by 
Ramaekers et al. (2004). They observed that a proton is transferred between the NH2 and COOH 
groups of glycine when the amino acids is H-bounded with at least three water molecules or other 
glycine molecules. For a good review of glycine polymorphs see Boldyreva et al. (2003a; 2003b), 
Boldyreva (2008), and Liu et al. (2008). 
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 In this paper, four samples were investigated: two produced by crystallization from the 
sublimation of glycine powder (99%, Sigma-Aldrich) inside an external evaporation vacuum chamber 
(-glycine zwitterionic crystal), and two others produced by crystallization from drop casting of a 
glycine aqueous solution (0.1 M) dried by evaporation at room temperature (-glycine zwitterionic 
crystal). For the drop-casting samples, a small amount of methanol was introduced into the glycine 
solution to decrease the superficial tension of the drop over the employed substrate (ZnSe). For the 
sublimated samples, an external evaporator chamber was employed to produce the thin films. Glycine 
powder was slowly heated up to 120-130 oC for being deposited on two different substrates (KBr and 
ZnSe). After the samples were produced, they were kept inside a moisture free chamber until being 
introduced into the experimental chamber. 
 
 
 
Figure 3. Comparison between the IR spectra of two samples of glycine polymorphs: -glycine 
zwitterionic crystal (obtained by evaporation of few drops of aqueous solution of glycine at 300 
K) and -glycine zwitterionic crystal (obtained by the deposition of sublimated glycine on 
substrate in vacuum). Each spectrum is the average of the spectra of two similar samples. 
Crystal structures of glycine polymorphs were taken from Fábián and Kálmán (2004). The a, b, 
and c labels indicate the axis the unitary cell in each crystal. 
 
 Figure 3 shows a comparison between the IR spectra of the -glycine and -glycine samples at 
300 K. Each spectrum is an average of the spectra of two similar samples. Crystal structures of glycine 
polymorphs were taken from Fábián and Kálmán (2004).  The properties of the four samples 
investigated in this study are listed in Table 1. 
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Table 1 - Glycine sample characteristics and initial parameters. 
 
Experiment 
label 
Sample crystallization from Initial column densityc 
(1017 molecule cm-2) 
Thicknessc 
(m) 
Massd 
(g) 
1 gas phase on ZnSe substratea 3.0 0.3 7 
2 gas phase on KBr substratea 4.5 0.5 11 
1 solution on ZnSe substrateb 9.2 1.0 22 
2 solution on ZnSe substrateb 14.5 1.6 34 
a performed in evaporation vacuum chamber from glycine powder sublimation around 120-130 oC, on  substrate at room temperature. 
b evaporation of few drops of 0.1M glycine aqueous solution with traces of methanol to decrease the surface tension of the drops. 
c Using the Glycine IR band at 1034 cm-1  (CN vibration mode) with band strength of 1.38×10-18 cm molec-1 (Holton et al. 2005).  
d The irradiation area is 0.19 cm2.00 
 
The initial column density, thickness, and mass of the samples were determined by employing 
the methodology described in Pilling et al. (2011a). The initial sample thicknesses were between 0.3 
and 1.6 μm (Table 1). These values were determined by measuring in the IR spectra, the glycine peak 
area at 1034 cm-1 ( CN vibration mode), corresponding to a transition with a band strength of 1.38×10-
18 cm molecule-1 (Holtom et al. 2005). In the current experiment, the location of the center of this band 
was observed to be 1039 cm-1 (-glycine) and 1034 cm-1 (-glycine). The sample density and its 
irradiated area were 1.16 g cm-3 and  0.19 cm2, respectively. 
The amount of energy delivered by the projectile inside the glycine samples was calculated with 
the program SRIM - Stopping and Range of Ions in Matter (Ziegler et al. 2008). For 1 MeV proton 
beam, the main mechanism of energy transfer to glycine is by electronic excitation and the energy rate 
delivered (stopping power) is about 28 keV/ μm or 3×10-14 eV/(molec/cm2) or around 30 eV in each 
glycine monolayer (~1015 molec/cm2). This means that each proton traversing the sample slows down 
mainly by inelastic collisions with its electrons. The penetration range of 1 MeV proton in glycine 
(density of 1.16 g cm-3) is about 22.6 μm. Therefore, in this experiment the employed projectile goes 
through the sample losing only 4% (in the thickest sample) of its energy, and for practical effects, the 
beam energy was considered to be constant inside the sample. 
 
 
 3 Results 
 Figure 4a presents the evolution of IR spectra of -glycine (from 2 experiment) as function of 
proton fluencies (0, 1.2×1013, 1.2×1014, 3.2×1014, and 1.3×1015 ion cm-2). Figure 4b shows the 
evolution of IR spectra of -glycine (from 1 experiment) as function of proton fluencies (0, 1.4×1013, 
1.3×1014, and 3.2×1014 ion cm-2). Both experiments were performed at room temperature. The 
absorption peaks around 2910, 2850, and 1550 cm-1 are artifacts from background subtraction. In both 
figures, each spectrum has an offset for a better view. A small bump was observed around 1650-1700 
            
 
 9
cm-1 in the IR spectra of both samples at higher fluences which may be attributed to the formation of 
peptide bonds by the appearing of amide functional group (-NHCO-) in the sample (Silverstein and 
Webster 1998). A peptide bond is a covalent chemical bond formed between two molecules when the 
carboxyl group of one molecule reacts with the amino group of the other molecule, causing the release 
of a water molecule. Therefore, the process is a dehydration synthesis reaction and usually occurs 
between amino acids (Morrison and Boyd 1992). Peptide bond formation was also observed in 
experiments employing microwave radiation in solid samples (Basso et al. 2009) and with ultraviolet 
in gaseous samples (Lee et al. 2011 and references therein). 
 
 
Figure 4 - Evolution of IR spectra of: a) -glycine (from 2 experiment) as function of proton 
fluence (0, 1.2×1013, 1.2×1014, 3.2×1014, and 1.3×1015 ion cm-2); b) -glycine (from 1 experiment) 
as function of proton fluence (0, 1.4×1013, 1.3×1014, and 3.2×1014 ion cm-2). The absorption peaks 
around 2910, 2850, and 1550 cm-1 are artifacts from background subtraction. Crystal structures 
of glycine polymorphs were taken from Fábián and Kálmán (2004). Arrows indicate the position 
of amide functional group around 1650-1700 cm-1 suggesting the formation of peptide bonds in 
the sample. 
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Table 2 -  Infrared absorption frequencies of - and -glycine zwitterionic crystals at the 
beginning of experiments (non-irradiated) and after 3.2×1014 protons cm-2 irradiation.  
 
Assigmenta -glycineb  
  non irradiated            irradiated 
-glycinec  
  non irradiated            irradiated 
as NH3+ 3177 3175 3127 3172 
asNH3+ + CN 2600 2610 2622 2613 
asNH3+ + NH3+ 2130 2120 2128 - 
as COO- 1608 1603 1610 1591 
as NH3+ 1522 1522 1507 1507 
s COO- 1415 1406 1415 1388 
 CH2 1333 1333 1333 1325 
NH3 1134 1134 1133 1133 
 NH3+ 1117 1114 1114 1112 
 CN 1040 1038 1034 1034 
 CH2 914 914 912 917 
 CC 892 892 893 893 
 COO 703 700 700 - 
a Holtom et al. (2005); Guan et al. (2010); 
b from experiment 2  (see Table 1 and Figure 4a); 
c from experiment 1 (see Table 1 and Figure 4b) 
: stretching; : bending; : wagging; : rocking; tw: twisting; : torsion; s:symmetric; as: asymmetric. 
 
Comparing both experiments at one given fluence, for example at 3.2×1014 ion cm-2 (black 
curves in the Fig. 4), some peaks have disappeared in the spectrum of -glycine, which suggests that 
this crystalline structure is the most sensitive to proton bombardment among the studied samples. 
Individual peaks, such as those around 3177 cm-1 (attributed to N-H asymmetric stretching in the NH3+ 
group) and 1333 cm-1 (wagging vibration mode of CH2 group) have also shown more significant 
changes during the bombardment of -glycine. 
Table 2 lists the IR absorption frequencies of - and - glycine crystals at the beginning of 
experiments (non-irradiated) and after the fluence of 3.2 × 1014 protons cm-2. For both - and -glycine 
experiments, it was observed that after proton bombardment, several peaks were shifted slightly 
towards lower wavenumbers. This behavior becomes more prominent when -glycine is bombarded. 
 
4 Discussion 
The evolution of the normalized area of selected IR bands of - and -glycine as function of the 
proton fluence is presented in Figure 5. The selected glycine bands are centered at: a) 3170 cm-1 (as 
NH3), b) 1596 cm-1 (as COO),  c) 1330 cm-1 (w CH2), d)  1034 cm-1 ( CN), e) 893 cm-1 ( CC), and f) 
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integrated area from 3500 to 850 cm-1. The hatched site over zwitterionic glycine structural formulae 
shows the chemical bonds studied in each panel. The obtained values of the dissociation cross sections 
(d) are indicated. The molecular dissociation cross section considering a specific bond (or functional 
group) rupture was obtained by the Lambert-Beer´s related expression 
 
ln (A/Ao) = - d × F                                                             [1] 
 
where A and Ao are the areas of the IR bands associated with a specific molecular vibration at a given 
fluence and at the beginning of experiment, respectively. F is the ion fluence in units of ion cm-2. The 
values of molecular dissociation cross section considering specific bonds in - and -glycine crystals 
during 1 MeV proton bombardment are listed in Table 3. 
The results displayed in Fig. 5 show that the glycine bonds present different fragility under 
irradiation by 1 MeV protons. Particularly, for -glycine, the N-H and C-N bonds are much fragile 
when compared with those of the carboxylate group (COO-). This fact can be quantified by the values 
of the dissociation cross sections, which are 5.6 x10-15, 5.4 x10-15 and  1.1x10-15 cm-2, respectively, as 
shown in Table 3. In this work, we consider that the dissociation cross section of glycine is mainly 
governed by the stability of the C-N bond ( CN vibration mode at 1034 cm-1), since the rupture of 
such bond will dismantle the entire molecule releasing both the amino and the carboxylic acid groups. 
In addition, the evolution  CN vibration mode as function of fluence, presented the most similar 
behavior with Lambert-Beer´s law (a straight line) among the other molecular bonds (see Fig. 5) for -
glycine. Our results show that the dissociation cross section, based on the stability of the C-N bond, of 
-glycine by 1 MeV protons is found to be roughly 5 times higher than the value obtained for -
glycine in the same experimental conditions. The values obtained for -glycine and -glycine were 
5.4×10-15 and 2.5×10-14 cm2, respectively. 
For both studied glycine polymorphs, the molecular bond most sensitive to the incoming 1 MeV 
protons is the N-H bond, followed by the C-N bond. The dissociation cross section of -glycine, 
considering only the N-H vibration mode, was 3.1x10-14 cm2, a value roughly 6 times higher than that 
determined for the same vibration mode of -glycine. However, if the whole IR spectrum (850-3500 
cm-1) is considered, this difference is still higher, causing the dissociation cross section of -glycine to 
be roughly 12 times higher than that for the -glycine. The molecular bond less sensitive to the 
ionizing protons for -glycine is the C-C bond (893 cm-1), resulting a dissociation cross section of 
1.6×10-14 cm2. Curiously, the least sensitive bond in -glycine crystal is one of the most sensitive bond 
in -glycine, the C-O in the carboxylate group (COO-). The dissociation cross section, considering 
only this IR band in -glycine, was measured to be 2.3×10-14 cm2, a value 21 times higher than that 
measured for -glycine. Such behavior is probably associated with the packing of molecules in the 
crystal lattice. As discussed by Liu et al. (2008), the crystal structure of -glycine consists of 
hydrogen-bonded monomers units, which is different from that of -glycine formed by cyclic 
hydrogen-bounded pairs. 
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Figure 5 - Evolution of the normalized peak areas as function of the proton fluence. The selected 
glycine IR bands are:  a) 3170 cm-1 (as NH3),  b) 1596 cm-1 (as COO-), c) 1330 cm-1 (w CH2),            
d) 1034 cm-1 ( CN), e) 893 cm-1 ( CC), and f) whole molecule using integrated area of IR spectra 
from 850 to 3500 cm-1. The hatched site over zwitterionic glycine structural formulae shows the 
chemical bonds studied in each figure. The obtained values of the dissociation cross sections 
considering specific molecular bonds (d) are indicated. 
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 From our results, we suggest that, because -glycine has the highest density among the glycine 
polymorphs, the number of molecules processed by each incoming ion is also highest and, therefore, 
resulted in the highest dissociation cross section observed. In addition, we observed that all molecular 
bonds in -glycine crystal presented lower stability to 1 MeV protons when compared with -glycine. 
In addition to the density, such behavior is probably also related with the framework hydrogen bonding 
in the crystal. 
 Other experimental studies on the stability of amino acids against radiation have considered the 
rupture of different bonds to quantify the amino acid destruction, such as the CO bond observed by the 
COO- symmetric stretch near 1400 cm-1 (e.g. Gerakines et al. 2012), the carbonyl (C=O) stretching 
mode near 1780 cm-1 (e.g. Ehrenfreund et al. 2001) or also by the combination of different bonds from 
the integrated absorbance in the IR spectra (e.g. ten Kate et al. 2005; Pilling et al. 2011a). Such 
experiments have obtained different values for dissociation cross section, even when they have been  
performed at similar condition. The choice of different molecular bond (IR feature) to characterize the 
molecular dissociation is an explanation for that issue. 
 Recently, Gerakines et al. (2012) have performed another set of experiments on solid glycine. 
The authors analyzed the stability of glycine in the presence or absence of water at low temperature 
(14, 100 and 140 K) during the bombardment with 0.8 MeV protons. The dissociation cross section 
obtained by these authors for -glycine samples at 140 K was 1.2 × 10-15 cm2, which is virtually the 
same value than the obtained here at room temperature (only 10% higher), when we taking into 
account only the COO- group.  
 
Table 3 - Dissociation cross section (d) for specific bonds of - and -glycine crystals 
submitted to 1 MeV proton bombardment.  
 
Specific bonds (vibration mode) d (-glycine) 
(cm2) 
d (-glycine) 
(cm2) 
Ratio[d (-glycine) / d (-glycine)]
 
N-H  (as NH3+) 5.6×10-15 3.1×10-14 5.6 
C-N ( CN) 5.4×10-15 2.5×10-14 4.6 
C-C ( CC) 4.5×10-15 1.6×10-14 3.6 
C-H ( CH2) 3.9×10-15 2.1×10-14 5.4 
C-O (as COO-) 1.1×10-15 2.3×10-14 21 
Whole molecule (from 850 to 3500 cm-1)  1.7×10-15 2.1×10-14 12 
 
   
  
 
5- Astrophysical implication 
 The stability of glycine for different ionizing agents in an attempt to investigate its survival in 
space environment simulations have been examined by several researchers in the last decade. These 
investigations have involved ultraviolet radiation (e.g., Ehrenfreund et al. 2001; ten Kate et al. 2005; 
Peeters et al. 2003; Guan et al. 2010; Ferreira-Rodrigues et al. 2011), X-rays (e.g., Pilling et al. 
            
 
 1
2011a), electron beams (e.g Abdoul-Carime and Sanche 2004) and fast ions (this study; Portugal et al. 
2012, Gerakines et al. 2012). A list of dissociation cross sections (d) taken from these studies, when 
available, is present in Table 4.  
 
Table 4 - Dissociation cross section (d) and half-lives (1/2) of glycine polymorphs (and in 
gas phase) predicted for space environments exposed to different ionizing agents. 
 
Ionizing agent Sample properties d (cm2) 1/2  (Yr) 
Earth orbit 
1/2  (Yr) 
DISM 
1/2  (Yr) 
Dense Clouds 
Ref 
UV lamp (10 eV) /-glycine (300 K)e 
Neutral glycine in argon matrix (12 K) 
Neutral glycine in argon matrix (12 K) 
Neutral glycine in nitrogen matrix (12 K) 
Neutral glycine in water matrix (12 K)f 
- glycine (300 K) a 
-glycine (300 K) positively charged d 
-glycine (300 K) negatively charged d 
- 
1.2 × 10-17 
- 
- 
- 
2.4 × 10-19 
1.7 × 10-16 
9.0× 10-18 
2.2 × 10-2 
6.1 × 10-5 
- 
- 
- 
3.1 × 10-1 
4.3 × 10-4 
8.1 × 10-3 
2.2 × 103 
1.8 × 101 
3.2 × 102 
3.2 × 102 
2.2 × 102 
9.2 × 102 
1.3 × 100 
2.4 × 101 
2.0 × 108 
1.8 × 106 
3.2 × 107 
3.2 × 107 
2.2 × 107 
9.2 × 107 
1.3 × 105 
2.4 × 106 
[1] 
[3] 
[9] 
[9] 
[9] 
[6] 
[7] 
[7] 
Space UV /-glycine (250/300 K)e - 1.1 × 10-2 - - [1] 
Soft X-ray (150 eV) -glycine (300 K) d 
Neutral glycine in gas phase (420 K) 
4.0 × 10-17 
2.6 × 10-18 
5.5 × 101 
8.4 × 102 
1.8 × 10-2 
2.8 × 10-1 
1.8 × 102 
2.8 × 103 
[2] 
[2] 
Proton (0.8 MeV) -glycine (15 K) c 
-glycine (140K) c 
Neutral glycine (15K)b 
-glycine (140K)a 
2.9 × 10-15 
2.1 × 10-15 
2.2 × 10-15 
1.2 × 10-15 
7.6 × 106 
1.0 × 107 
1.0 × 107 
1.8 × 107 
7.6 × 105 
1.0× 106 
1.0× 106 
1.8× 106 
7.6× 106 
1.0× 107 
1.0× 107 
1.8× 107 
[8] 
[8] 
[8] 
[8] 
Proton (1 MeV) -glycine (300 K) d 
-glycine (300 K) a 
2.5 × 10-14 
5.4 × 10-15 
8.8 × 105 
4.1 × 106 
8.8 × 104 
4.1 × 105 
8.8 × 105 
4.1 × 106 
[4] 
[4] 
Nickel (46 MeV) -glycine (300 K)d 
-glycine (14 K) d 
1.3 × 10-13 
~3 × 10-12 
8.0 × 106 
~ 4 × 105 
3.0 × 106 
~1 × 105 
> 3 × 106 
> 1 × 105 
[5] 
[5] 
 aSublimated glycine inside vacuum chamber. bGlycine dimers. cSublimated glycine inside vacuum chamber 
together with water. d Glycine film produced by dropped glycine aqueous solution. eFrom a film of -glycine exposed to 
moisture. f Ten molecules o water for each glycine molecule.  
 [1] Guan et al (2010); [2] Pilling et al. (2011a); [3] Peeters et al. (2003); [4] This work; [5] Portugal et al. (2012); 
[6] ten Kate et al. (2005); [7] Ferreira-Rodrigues et al. (2011); [8] Gerakines et al. (2012), [9] Ehrenfreund et al. (2001). 
 
Table 4 also presents the estimated half-lives (1/2) of glycine in space environments such as 
around Earth, in DSIM and in dense clouds in the ISM which are exposed to different radiation fields. 
In this table, excepting the work of the Guan et al. (2010) and Ehrenfreund et al. (2001), the half-lives 
were obtained directly from the expression 
 12/1 )(2ln
 d                                                                 [2] 
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where  is the ionizing agent flux in particles cm-2 s-1 and d is the dissociation cross section in cm2. 
This equation does not depend on the molecular number density. For UV photons (~10 eV), the 
following fluxes were considered: ~3x1011 photons cm-2 s-1 at Earth orbit (Huebner and Carpenter, 
1979), ~108 photons cm-2 s-1 at DISM (Moore et al. 2001) and ~103 photons cm-2 s-1 at dense clouds 
(cosmic ray-induced UV flux; Prasad and Tarafdar 1983). For soft X-rays (~150 eV), the values 
adopted were: ~107 photons cm-2 s-1 at Earth orbit (Gueymard 2004),  ~ 3 x 1010 cm-2 s-1  photons cm-2 
s-1 at DISM (estimated value for X-ray dissociated region, Pilling et al. 2011a), and 3x106 photons cm-2 
s-1 at dense clouds (Pilling et al. 2011a). For the proton (1 MeV) component of cosmic rays, the 
following fluxes were considered: ~ 1 proton cm-2 s-1 at Earth Orbit (Lin et al. 1974), ~10 protons cm-2 
s-1 at DISM (Strazzulla and Johnson, 1991), and ~1 proton cm-2 s-1 at dense clouds (Moore et al. 2001). 
Finally, for heavy component of cosmic rays (e.g. 46 MeV Ni) the values considered were: ~2 x 10-2 
ions cm-2 s-1 at Earth orbit and ~5x10-2 ions cm-2 s-1 at DISM (Pilling et al. 2010a, b). The heavy ion 
flux inside dense clouds was estimated to be < 5x10-2 ions cm-2 s-1. 
 As discussed in Section 4, the dissociation cross section of -glycine by 1 MeV protons is 
roughly 5 times higher (considering only the disruption of C-N bond) than the value obtained for -
glycine in the same experimental conditions. A similar result was observed by comparing the data 
obtained by ten Kate et al. (2005) with the one from Ferreira-Rodrigues et al. (2011), for samples 
irradiated by UV photons. Gerakines et al. (2012), in another study performed with energetic protons 
(0.8 MeV), also observed that at the temperature of 140 K, the destruction of -glycine by protons is 
approximately 2 times higher than that observed for -glycine (produced after the heating of neutral 
glycine dimers initially at 15 K). In addition they observed that, for -glycine, the lower the 
temperature the higher the dissociation cross section. Such temperature dependence on dissociation 
cross section was also found by Portugal et al. (2012) by bombarding glycine with swift heavy ions 
simulating the heavy component of cosmic rays. The result suggests that the pristine interstellar -
glycine form is the strongest glycine polymorph; therefore, the most able to survive the hostile space 
radiation environments.  
Table 4 shows that soft X-rays are mainly responsible for shortening the half-life of glycine in 
dense clouds or, in other words, the glycine destruction in dense clouds is ruled by soft X-rays. This is 
also true for DISM, but with less intensity. However at Earth orbit, the dominant ionizing agent in the 
glycine dissociation is the UV photons. The effect of cosmic rays (light or heavy ions) in the glycine 
dissociation in dense clouds is roughly the same as that produced by UV photon in such media. 
In space, glycine can be formed directed from gas-phase reactions (glycine conformers) or from 
surface/bulk induced reactions (-glycine and -glycine zwitterionic crystals or amorphous solid, 
depending on the temperature). Due to the low temperature of molecular clouds, glycine is expected to 
occur as neutral dimers, becoming an amorphous solid. However, if the ices are heated, glycine will 
transform into -glycine crystals, and in the presence of water molecules, it will be transformed into -
glycine crystals. Figure 6 shows a scheme of the transformations of glycine crystalline structures in 
space after its formation from some gas-phase reactions and/or surface reactions (adapted from Liu et 
al. 2008 and Pilling et al. 2011). Recently, Glavin et al. 2011, in an experimental study on 
carbonaceous meteorites, found evidence of aqueous alteration of amino acids in solar system parent 
bodies, which suggests that -glycine form may be dominant in such environments. Due to 
radioactive-induced melting inside comets, -glycine can also be considered the most probable among 
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the glycine polymorphs in such objects. Therefore, the study of stability of both - and -glycine forms 
under ionizing agents (analogous to the one found in space environments) is highly required to 
understand the presence of such compounds in the early Earth and in other planets with astrobiological 
potential. 
 
 
Figure 6 - Scheme of the transformations of glycine crystalline structures in space after its 
formation from some gas-phase reactions and/or surface reactions (adapted from Liu et al. 2008 
and Pilling et al. 2011b).  
 
Another important astrophysical implication of the present work is the possible peptide synthesis 
induced by cosmic ray analogs in solid amino acids. A small bump was observed around 1650-1700 
cm-1 in the IR spectra of both samples at higher proton fluences, which was tentatively attributed to the 
formation of amide functional group from glycine molecules, and suggesting a possible formation of a 
peptide bond with the release of water molecule. Peptides, such as di-glycine peptide 
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(NH2CH2CONHCH2COOH), have been detected in the Murchison and Yamato-791198 meteorites in 
low quantities (Shimoyama and Ogasawara 2002). Other linear and cyclic aliphatic amides, including 
monocarboxylic acid amides, dicarboxylic acid monoamides, N-acetyl amino acids, and others, have 
also been identified in the carbonaceous chondrites meteorites (e.g. Cooper and Cronin 1995). 
Comparing these detections with the possible observation of peptide bond in our work, we suggest that 
at least a fraction of peptides present in the early Earth may have had an extraterrestrial origin, possibly 
being induced by cosmic rays on grains in the ISM or in the solar protoplanetary disk. Recently, Halfen 
et al. (2011) have performed radio observations to detect and quantify peptide bonds in the ISM. They 
identified several lines of small amides toward the star-forming region Sgr B2 (N), including acetamide 
(CH3CONH2) and formamide (NH2CHO), and pointed out that such species may participate of an 
alternative scenario for the formation of larger peptide molecules, as opposed to amino acids.  
Recent experiment performed by our group on the processing of -glycine by 46 MeV Nickel 
ions, also under ultra-high vacuum conditions, have shown the formation of water during the 
bombardment at 14 K (Portugal et al. 2012). Such behavior may be explained by the water releasing 
from glycine molecules during the formation of peptide bond. Future experiments focusing on the 
production of amides formed by the bombardments of amino acid in space analog conditions may help 
to clarify this issue. 
 
 6. Conclusions 
 We performed an experimental study to simulate the effect of energetic proton (1 MeV) 
bombardment on two types of glycine crystals (- and -glycine zwitterionic polymorphs). The 
experiment simulates the interaction of typical interstellar glycine molecule in space environment such 
as comets/asteroids/moon surfaces and interstellar grains with galactic cosmic rays and energetic 
protons from solar wind.  
 For low proton fluences, the dissociation cross section of -glycine is 2.5×1014 cm2, a value 
roughly 5 times higher than the dissociation cross section found for -glycine. Comparing this result 
with others from literature, we concluded that -glycine also has higher sensitivity to UV photons than 
-glycine. Curiously, although -glycine is the less favorable from a thermodynamic point of view and 
has the smallest density among the other glycine polymorphs (Pervolich et al. 2001), it is more 
resistant to ionizing agents than -glycine. Following Liu et al. (2008), the -glycine form has the 
weakest hydrogen-bond networks. We suggest that its lower density in comparison with -glycine was 
responsible for its greater stability against ionizing agents.   
 The estimated half-lives of -glycine and -glycine zwitterionic forms bombarded by 1 MeV 
protons at room temperature, extrapolated to Earth orbit environment, are 9×105 and 4×106 years, 
respectively. In DISM, the estimated values are one order of magnitude lower. We also observed that 
the effect of cosmic rays (light or heavy ions) in the glycine dissociation in dense clouds is roughly the 
same as the UV photon filed in such media. In dense clouds, soft X-rays are mainly responsible for 
shortening the lifetime of glycine species. This is also true for DISM but with less intensity. However, 
for the interplanetary medium (for example at Earth orbit) the dominant ionizing agent in the glycine 
dissociation is the UV photons. 
 The results suggest that the pristine interstellar -glycine form should be the most probable 
kind of glycine polymorph to survive the hostile space radiation environments (considering both UV 
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and protons). In addition, a small feature around 1650-1700 cm-1, tentatively attributed to amide 
functional group, was observed in the IR spectra of irradiated samples, suggesting that cosmic rays 
may induce peptide bond synthesis in glycine crystals. Combining this result with the fact that this 
compound has the higher solubility among the other glycine polymorphs, we suggest that -glycine 
polymorph was relevant for the production of first peptides in the Early Earth. This experimental study 
helps to understand the survival of such important prebiotic compound which may be delivered by 
comets/asteroids in the primitive Earth.  
  The precise amount of interstellar/protostellar glycine in gas phase is still unknown. If glycine 
is abundant enough in grain/dust surfaces or in asteroids/comets/moons surfaces to become a crystal is 
still an open question. Besides what could have happened on primitive Earth, higher concentrations of 
glycine may also have been present after the heavy meteoritic bombardment on others solar system´s 
bodies such as Mars, Europa, Vesta, and the Moon. Some of these bodies have very rarefied 
atmospheres (or even none) allowing molecular processing by space ionizing agents such as 1 MeV 
protons. Nevertheless, we cannot ruled out the investigation of the interaction between such important 
prebiotic species and space radiation analogs. Future observations and sample extraction from comets 
or asteroids will help to clarify this issue. 
Acknowledgements  
This work is partially supported by the Brazilian Agencies: CNPq (INEspaço and INCT-A), and 
FAPERJ. The author thanks Brazilian agency CNPq for research fellowship (#312297/2009-2). The 
authors also thank the staff of the Van de Graaff Laboratory, Dr. D.P.P Andrade for scientific 
discussions, Ms. A. Alder-Rangel for English Revision and the Google website for fast and efficient 
bibliographic access.  
References 
Abdoul-Carime, H., and Sanche, L. (2004) Alteration of Protein Constituents Induced by Low-Energy 
(<40 eV) Electrons. III. The Aliphatic Amino Acids.  J. Phys. Chem. B. 108:457–464. 
Aiello, S., Cecchi-Pestellini, C., Cevolani, G., Mazzoni, M., Pace, E., Passaro, A., Pupillo, G., Scarsi, 
P., Shore, S.N., and Tozzi, G.P. (2005) Micrometeorites and the origin of life: a broad program to 
study their survival and modification by passage through the Earth’s atmosphere. Memorie della 
Societa` Astronomica Italiana Supplement 6:163–166.  
Basso, A., Sinigoi, L., Gardossi, L., and Flitsch S. (2009) Effect of Microwave Radiation on Enzymatic 
and Chemical Peptide Bond Synthesis on Solid Phase. International Journal of Peptides. vol. 
2009, Article ID 362482, 4 pages, doi:10.1155/2009/362482 
Bernstein, M.P., Dworkin, J.P., Sandford, S.A., Cooper, G.W., and Allamandola, L.J. (2002) The 
formation of racemic amino acids by ultraviolet photolysis of interstellar ice analogs. Nature 
416:401–403. 
Boldyreva. E., (2008) Crystalline Amino acids: A link between chemistry, materials science and 
biology, Boeyens. in "Models, Mysteries and Magic of molecules" Eds: J.C.A. Boyens and J.F. 
Ogilvie, Chapter 7, pp. 167-192. 
            
 
 1
Boldyreva, E.V., Drebushchak V.A., Drebushchak, T.N., Paukov, I.E., Kovalevskaya, Y.A., and 
Shutova, E.S. (2003a) Polymorphysm of Glycine. Thermodynamic Aspects Part I: Relative 
stability of the polymorphs. Journal of Thermal Analysis and Calorimetry 73:409-418. 
Boldyreva, E.V., Drebushchak, V.A., Drebushchak, T.N., Paukov, I.E., Kovalevskaya, Y.A., and 
Shutova, E.S. (2003b) Polymorphysm of Glycine. Thermodynamic Aspects Part II: Polymorphys 
transitions. Journal of Thermal Analysis and Calorimetry 73:419-428. 
Bouchard, A., Hofland, G.,W., and Witkamp G.-J., (2007) Solubility of Glycine Polymorphs and 
Recrystallization of β-Glycine. J . Chem. Eng. Data  52:1626–1629. 
Cooper, G.W., and Cronin, J. R. (1995) Linear and cyclic aliphatic carboxamides of the Murchison 
meteorite: hydrolyzable derivatives of amino acids and other carboxylic acids. Geochim. 
Cosmochim. Acta, 59:1003-1015 
Charnley, S.B., Rodgers, S.D., Kuan, Y.J., and Huang, H.C. (2002) Biomolecules in the interstellar 
medium and in comets. Adv Space Res 30:1419–1431. 
Chyba, C. and Sagan, C. (1992) Endogenous production, exogenous delivery and impact-shock 
synthesis of organic molecules: an inventory for the origins of life. Nature 355:125–132. 
Cronin, J.R. (1998) The Molecular Origins of Life, edited by A. Brack, Cambridge University Press, 
Cambridge, UK. 
Cronin, J.R., and Pizzarello, S. (1983) Amino acids in meteorites. Adv Space Res 3:5–18. 
Cunningham, M.R., Jones, P.A., and Godfrey, P.D. (2007) A search for propylene oxide and glycine in 
Sagittarius B2 (LMH) and Orion. Mon Not R Astron Soc  376:1201–1210. 
Drury, L.O´.C., Meyer J.-P., and Ellison, D.C. (1999) Interpreting the Cosmic Ray Composition. in 
"Topics in Cosmic-Ray Astrophysics", M.A. DuVernois ed., Nova Science Publishers, New-
York. 
Ehrenfreund, P., Bernstein, M.P., Dworkin, J.P., Sandford S. A., and Allamandola L. J. (2001) The 
photostability of amino acids in space. Astrophys J 550:L95–L99. 
Elsila, J.E., Glavin, D.P., and Dworkin, J.P. (2009) Cometary glycine detected in samples returned by 
Stardust. Meteorit Planet Sci 44:1323–1330. 
Fábián, L., and Kálmán, A. (2004) Isostructurality in one and two dimensions: isostructurality of 
polymorphs. Acta Crystallographica Section B 60:547-558. 
Ferreira-Rodrigues, A.M., Homem, M.G.P., Naves de Brito, A., Ponciano, C.R., and da Silveira, E.F. 
(2011) Photostability of amino acids to Lyman-α radiation: Glycine. International Journal of 
Mass Spectrometry 306:77–81. 
Gerakines, P., Hudson, R.L., Moore M.H., and Bell J-.L. l. (2012) Radiation destruction of glycine 
under astrophysical conditions. Icarus 220:647-659. 
Glavin, D.P., Callahan, M.P., Dworkin, J.P., and Elsila, J.E. (2011) The effects of parent body 
processes on amino acids in carbonaceous chondrites. Meteorit Planet Sci 45:1948–1972. 
Glavin, D.P., and Dworkin, J.P. (2009) Enrichment of the amino acid L-isovaline by aqueous alteration 
on Cl and CM meteorite parent bodies. Proc Natl Acad Sci USA 106:5487–5492.  
Guan, Y.Y., Fray, N., Coll, P., Macari, F., Chaput, D., Raulin, F., and Cottin H. (2010) UVolution: 
Compared photochemistry of prebiotic organic compounds in low Earth orbit and in the 
Laboratory. Planetary and Space Science 58:1327-1346. 
            
 
 2
Gueymard, C.A. (2004) the Sun's total and spectral irradiance for solar energy applications and solar 
radiation models. Solar Energy 2004, 76:423-452.  
Halfen, D.T., Ilyushin, V., and Ziurys L. M. (2011) Formation of peptide bons in space: A 
comprehensive study of formamide and acetaminde in Sgr B2(N). Astrophys J 743:60-72. 
Holtom, P.D., Bennett, C.J., Osamura, Y., Mason, N.J., and Kaiser, R.I. (2005) A Combined 
Experimental and Theoretical Study on the Formation of the Amino Acid Glycine 
(NH2CH2COOH) and Its Isomer (CH3NHCOOH) in Extraterrestrial Ices. Astrophys J 626:940-
952. 
Huebner, W.F., and Carpenter, C.W. (1979) Solar Photo Rate Coefficients. Los Alamos informal 
Report LA-8085-MS., Los Alamos Scientific Laboratory, Los Alamos, NM. 
Ivanov, A.Y., Sheina, G., and Blagoi, Y.P. (1999) FTIR spectroscopic study of the UV-induced 
rotamerization of glycine in the low temperature matrices (Kr, Ar, Ne). Spectrochimica Acta Part 
A 55:219-228. 
Iitaka Y. (1960) The crystal Structure of -glycine, Acta Cryst. 13:35-45. 
Kuan, Y.-J, Charnley, S.B., Huang, H.-C., Tseng, W.-L., and Kisiel, Z. (2003) Interstellar glycine. The 
Astrophysical  Journal. 593:848–867. 
Lee, S., Valentine, S.J., Reilly J.P., and Clemmer D.E., (2011) Controlled Formation of Peptide Bonds 
in the Gas Phase. J. Am. Chem. Soc. 133:15834–15837. 
Lin R. P., McGuire R. E., and Anderson K. A. (1974) Acceleration, containment and emission of very 
low energy solar flare particles, Proc. I.A.U. Symposium 57, ed. by G. Newkirk, Jr., Internat'l. 
Astronomical Union, p. 461.  
Liu, Z., Zhong, L., Ying, P., Feng, Z., and Li, C. (2008) Crystallization of metastable  glycine from 
gas phase via the sublimation of  and  form in vacuum. Biophysical Chemistry 132:18-22. 
Lovas F.J., Kawashima Y., Grabow J.-U., Suenram R. D.,  Fraser G. T., and Hirota E. (1995) 
Microwave Spectra, Hyperfine Structure, and Electric Dipole Moments for Conformers I and II of 
Glycine, Astrophysical  J 455:L201–L204. 
Maté, B., Rodriguez-Lazcano Y., Gálvez Ó. Tanarro I., and Escribano R.  (2011) An infrared study of 
solid glycine in environments of astrophysical relevance. Phys. Chem. Chem. Phys. 13:12268-
12276. 
Moore M.H., Hudson R.L., and Gerakines P. A. (2001) Mid- and far-infrared spectroscopic studies of 
the influence of temperature, ultraviolet photolysis and ion irradiation on cosmic-type ices.  
Spectrochimica Acta, 57:843-858.  
Morrison, R. T., and Boyd, R. N. 1992, Organic Chemistry (6th ed.; Edgewood Cliffs, NJ: Prentice 
Hall) 
Munoz Caro, G.M., Meierhenrich, U.J., Schutte, W.A., Barbier, B., Arcones Segovia, A., Rosenbauer, 
H., Thiemann, W.H.-P., Brack, A., and Greenberg, J.M. (2002) Amino acids from ultraviolet 
irradiation of interstellar ice analogues. Nature 416:403–406. 
Nuevo, M., Auger, G., Blanot, D., and d’Hendecourt, L. (2008) A detailed study of the amino acids 
produced from the vacuum UV irradiation of interstellar ice analogs. Orig. Life Evol. Biosph. 
38:37–56.  
Nuevo, M., Milam, S.N., Sandford, S.A., Elsila, J.E., and Dworkin, J.P. (2009) Formation of uracil 
from the ultraviolet photo-irradiation of pyrimidine in pure H2O ices. Astrobiology 9:683–695.  
            
 
 2
Nuevo, M, Milam S. N., and Sandford S. A. (2012), Nucleobases and Prebiotic Molecules in Organic 
Residues Produced from the Ultraviolet Photo-Irradiation of Pyrimidine in NH3 and H2O+NH3 
Ices. Astrobiology, 12:295-314. 
Oró, J. (1961) Comets and the formation of biochemical compounds on the primitive Earth. Nature 
190:389–390. 
Pervolich, G.,L., Hansen, L.,K., and Bauer-Brandl, A. (2001) The polymorphism of glycine. 
Thermochemical and structural aspects. J. Therm. Anal. Calorim. 66:699–715. 
Peeters, Z., Botta O., Charnley, S.B., Ruiterkamp, R., and Ehrenfreund P. (2003) The Astrobiology of 
Nucleobases. Astrophys J 593:L129-L132. 
Pilling, S., Seperuelo Duarte, E., Domaracka, A., Rothard, H., Boduch, P., and da Silveira, E.F. 
(2010a) Radiolysis of H2O:CO2 ices by heavy energetic cosmic ray analogs. Astron Astrophys 
523:A77-A89. 
Pilling, S., Seperuelo Duarte, E., da Silveira, E.F., Balanzat, E., Rothard, H., Domaracka, A., and 
Boduch P. (2010b) Radiolysis of ammonia-containing ices by energetic, heavy, and highly 
charged ions inside dense astrophysical environments. Astron Astrophys 509:A87-A97. 
Pilling, S., Andrade, D.P.P., do Nascimento, E.M., Marinho, R.R.T., Boechat-Roberty, H.M., de 
Coutinho, L.H., de Souza, G.G.B., de Castilho, R.B., Cavasso-Filho, R.L., Lago, A.F., and de 
Brito, A.,. (2011a) Photostability of gas- and solid-phase biomolecules within dense molecular 
clouds due to soft X-rays. Mon Not R Astron Soc 411:2214–2222.  
Pilling, S., Baptista, L., Boechat-Roberty, H.B., and Andrade D.P.P. (2011b), Formation Routes of 
Interstellar Glycine Involving Carboxylic Acids: Possible Favoritism Between Gas and Solid 
Phase. Astrobiology, 11:883-893. 
Portugal, W. et al. (2013) Radiolysis of Glycine by heavy and energetic cosmic ray analogs in 
simulated space environments. To be submited. 
Prasad, S.S., and Tarafdar, S.P. (1983) UV radiation field inside dense clouds: Its possible existence 
and chemical implications. Astrophys J 267:603-609. 
Ramaekers, R., Pajak, J., Lambie, B., and Maes, G. (2004) Neutral and zwitterionic glycine. H2O 
complexes: A theoretical and matrix-isolation Fourier transform infrared study. J. Chem. Phys. 
120: 4182-4194. 
Shen, C.J., Greenberg, J. M., Schutte, W.A., and van Dishoeck, E. F. (2004) Cosmic ray induced 
explosive chemical desorption in dense clouds. Astron Astrophys 415:203–215.  
Shimoyama, A., and Ogasawara, R. (2002) Dipeptides and Diketopiperazines in the Yamato-791198 
and Murchison Carbonaceous Chondrites. Orig. Life Evol. Biosph. 32:165-179. 
Silverstein, R.M., and Webster, F.X., (1998) in Spectrometric Identification of Organic Compounds. 
6th edition, John Wiley & Sons. 
Snyder, L.E., Lovas, F.J., Hollis, J.M., Friedel, D.N., Jewell, P.R., Remijan, A., Ilyushin, V.V., 
Alekseev, E.A., and Dyubko, S.F. (2005) A rigorous attempt to verify interstellar glycine. 
Astrophys J 619:914–930. 
Stoks, P.G., and Schwartz, A.W. (1981) Nitrogen-heterocyclic compounds in meteorites—significance 
and mechanisms of formation. Geochim Cosmochim Acta 45:563–569.  
            
 
 2
Strazzulla, G., and Johnson, R.E. (1991) Irradiation effectson comets and cometry debris, in: R.L. 
Newburn, Jr. M. Neugebauer, J. Rahe (Eds.), Comets in the Post-Halley Era, Kluwer Academic 
Pub, p. 243. 
ten Kate, I.L., Garry, J., Peeters, Z., Quinn, R., Foing, B., and Ehrenfreund, P. (2005) Amino acid 
photostability on the martian surface. Meteorit. Planet. Sci. 40:1185–1193.  
Woon, D.E. (2002) Pathways to glycine and other amino acids in ultraviolet-irradiated astrophysical 
ices determined via chemical modeling. Astrophys J 571:L177–L180. 
Ziegler, J.F Biersack, J.P., and Ziegler, M.,D. (2008) Stopping and range of ions in matter - SRIM 
(www.srim.org).  
Zhu, H.-S., and Ho, J.-J. (2004) Ab initio study of the formation of glycine via amino acetonitrile and 
amino-cyano-acetic acid. J Phys Chem A. 108:3798–3805. 
 
 
